Life of electric machines is very sensitive to temperature increases especially due to the fragility of their windings as well as to the overvoltage at the motor's terminals. Therefore, it is necessary to find the temperature in the most sensitive areas of the machine. It has been known for a long time that temperature rise is caused by the losses in the machine; thus, various models have been proposed. It has also been shown that the permanent magnet synchronous motor fed by a voltage inverter overheats more than the one supplied by a sinusoidal voltage. Indeed the permanent magnet synchronous motor fed by a voltage inverter deserves special attention. In this paper a new technique based on diffusive representation is used to develop two coupled mathematical models; one for thermal variation in some of the most delicate places of winding and another one for the overvoltage at the motor's terminals. The obtained simulations and experimental results show clearly the validity and the high performance of the proposed models.
advances in computing and measurement procedures. These models may allow the design of new machines with efficiency and improved heat dissipation. At any time, the monitoring system allows following the temperatures and overvoltage in an electrical machine. The design of this monitoring tool requires different skills. First, a mathematical model capable of restoring the transient thermal distributions of electrical machines should be built following the standards in thermal modeling. Second, electrical losses of machine should be determined based on electric equivalent scheme. Such a design should support the monitoring system to track the changing temperatures and losses in an electrical machine at any instant. Thermal modeling of electrical machines has been the subject of many studies, such as the nodal thermal model developed in . Currently, research in thermal analysis using lumped parameter models [24] [25] [26] [27] [28] are focused on developing models that utilize different parameters of electrical motors.This technique supports studying the impacts of different parameters or thermal mode accuracy. Fluid flowing characteristics, including coolant and air gap [29] [30] , are studied. The coupling of the electromagnetic and thermal events is studied in [31, 32] . Meanwhile, to reduce the order of the thermal model, cancellation of poles-zero, Hankel-singular-based models are employed [15] . Moreover, different thermal analyses using methods such as the finite element method (FEM) and finite-volume method have been widely studied [16] [17] [18] [19] [20] [21] . However, the nature of the 3D thermal problem and difficulty associated with coolant heating have been presented among the drawbacks of using finite element thermal analysis techniques. As an alternative, diffusive representation schemes have emerged as easier and faster strategies to couple electrical and thermal models. Our study builds on this interesting new approach to model thermal and over voltage situations for permanent magnet synchronous motor fed by voltage inverters.
Instrumentation of the permanent magnet synchronous motor
Experimental results are obtained by means of the test bench of Figure 1 , where necessary requirements for machine supply and signals measurements are provided. The machine under study is a 1.5 kW permanent magnet synchronous motor. Figure 2 shows the winding diagram of the stator, which are spread over 24 slots. To observe the voltage distribution in the winding, a phase has been equipped with five sensors welded on different coils. These sensors give direct access to the terminals of each coil and coil to ground voltages. Further, to measure the temperatures in the stator, the permanent magnet synchronous motor is equipped with NTC thermistors as shown in Figure 1 .
Electrical model of the permanent magnet synchronous motor
Modeling of AC machines in the shape of an electrical lumped parameter model has been studied extensively. However, many of these models do not take into account the frequency response of the machine, especially for modern drive applications where the machine is fed by a voltage inverter. The most appropriate one is to consider the winding as a transmission line with losses. The model parameters are identified either by specific measurements or digital 2D or 3D techniques using FEM [1] . Figure 3 shows the localized-parameter transmission line of the permanent magnet synchronous motor phase.
In this model, R is resistive losses in the wire, R iron is the iron frame losses, L is the inductance of the stator phase, C c is the capacity representing the capacitive coupling between two motor windings, C i is the capacitive coupling between winding and ground, and R i is the resistance representing the dielectric between the coil and the ground. In order to simulate the behavior of the electrical model of the permanent magnet synchronous motor, it can be transformed into a functional diagram. In fact an equation of the currents is 
The same procedure as Eq. (1) is applied for the four coils; the functional diagram of a one phase is given in Figure 4 .
One phase of machine the measurements are made for a single phase and the two other phases have been disconnected. To do this, we use HP impedance analyzer; Figure 5 shows the block diagram of the two kinds of measurement. As presented in Figure 5a , Z in,nc (jw) can be measured when one terminal of winding is connected to HP impedance while the other terminal of the winding is disconnected. In addition, the frame of the machine is connected to terminal of the analyzer. Similarly, as presented in Figure 5b , one terminal of winding is connected to HP impedance while the other terminal of the winding is connected to both the frame and other terminal of the analyzer. All the impedances measurements were made for different states of heating of the machine. After each impedance measurement, the machine is heated using an electric furnace.
The frequency response of the phase characteristic impedance Zc can be described via Eq. (2) .
where Z in,c can be expressed as:
At low frequency, √ Z Z Ground tends to be zero. Therefore, for sufficiently small frequencies the impedance could be described using: coth
Then, Eq. (2) becomes:
According the established expression for the characteristic impedance Z c , it is possible to calculate the impedance Z by the following relationship:
Furthermore, the models can be used to describe the impedance winding Z and Z Ground subject to induce by the variation in frequency. Foster models are usually referred to as the lumped circuit model parameter RL, which could be obtained by identifying the frequency winding measures. Adaptive models obtained in this way should be of infinite order sufficient to exactly reproduce the impedance to all frequencies. Thus, for a frequency range set beforehand, the developed model reproduces exactly the frequency response measured or simulated by FEM, while the response will not be perfect for other frequencies. A recent tool, the diffusive representation supports representation of states for nonrational transfer functions. The diffusive symbol β of input-output operator Z in Figure 6 is given in Eq. (6) .
The two terminals of winding HP impedance analyzer The diffusive realization Y dif f of operator Y is the infinite dimensional state representation:
The state representation in Eq. (7) can be approximated with arbitrary precision by discretization of the frequency variable λ , leading by quadrature to realization of finite order K.
This results in:
Using the least squares method, an optimal identification of operator Z dif f can be obtained. 
Thermal model of the permanent magnet synchronous motor
The losses consumed in the motor cause a rise in the temperatures of different parts of the machine. The losses of the machine are evaluated using an electrical model or by measurement, while the distribution of the temperatures in the machine is ascertained via a thermal model. Both models are coupled and parameters of the electrical model are corrected according to the results provided by the thermal model. Figure 10a shows the variation in impedance as a function of frequency and temperature while Figure 10b shows the coupled block diagram of the diffusive models. The model inputs are the sources of the dissipated thermal power PT and the outputs are transient thermal responses to different nodes of the previously-developed circuit model.
Eq. (10) presents the input/output representation for the model thermal diffusive approach. (ξ k ) k=1→N : the frequency mesh. Furthermore, the accuracy of the model mainly depends on the number (ξ k ) , whereas distribution of (ξ k ) k=1→N must take account of the dynamic system. The diffusive parameter identification (η k ) k=1→N and (ξ k ) k=1→N can be realized by two methods: either by the transfer functions of the system, or on knowing the result of a measurement. The latter method has proven easier than the first, given that optimal identification by least square method can lead to more precise modelling of diffusive thermal transfer.
Physical dimension of diffusive parameters
The propagation of heat conduction is written as in [23] :
The model of thermal diffusive approach is:
The diffusive parameters η and ξ have physical dimensions.Through the identification between Eqs. (12) and (13), we have:
Identification parameter
Knowing only the dissipated power PT and a measure, or an estimation of the output by the FEM, the numerical identification step of the least square method is used to find the parameters (η k ) k=1→N . The temperature measurement provides θ mes at different sampling times δT ech . We select the (ξ k ) distribution to cover the system bandwidth. The distribution range (ξ k ) is limited by the extreme values (ξ min ) and (ξ max ) , which are given by the following equations:
where τ is the thermal time constant and ∆T ech is the sampling pitch. Furthermore, we chose a distribution of (ξ k ) in a geometric distribution of R eas reason, such as:
In the second step, the (η k ) k=1→N is identified by using the least square method. The solution is presented in Eq. (19):
The problem of finding (η) minimizing the Euclidean distance between (θ T ) and (θ mes ) has a unique solution conventionally obtained by:
where ψ t is the transpose of ψ .
Finally, in order to manage the diffusive identification of the model parameters, we implemented an easy-to-use graphical analysis method as shown in Figure 11 . If the identified temperature is not satisfying, the process of identification must be still carried out increasing the order N of system. The model developed is very simple to simulate by a digital simulator such as MATLAB/Simulink. In addition, it is very fast compared with the FEM simulation.
Application and validation
The asynchronous machine is fed by a voltage inverter, Leroy Somer UMV 4301 using scalar control strategy. In addition, the rotor is coupled to an electromagnetic brake, which will play the role of the mechanical load. The machine is fed, during 3622s, under constant load equal to half of its nominal power. At this point, our interest is in the temperature in winding heads, in the slot next to the stator iron and the stator iron. The need for an experimental facility consisting of measurement bench is shown in Figure 12 . The bench tests include an asynchronous machine instrumented with thermistors, an electromagnetic brake, a voltage inverter, and an acquisition measurement system. Model validation is made by comparison with thermal measurements performed on the machine. The dimension N of the model is nailed when the measurement and the result of the model are identical. Regarding the ratio, R eas of the geometric sequence is fixed after the determination of the good dimension N of the model. The diffusive symbol (η k ) k=1→N and the frequency base (ξ k ) k=1→N are identified by using the method detailed in Section 4. For example, you can use the same time constant τ equal to 1000 s that is deduced by the measure of thermal in each region (stator iron, slot winding, and end winding), while the data sampling rate ∆T ech is equal to 0.01 s. If we have τ and ∆T ech , the maximum and minimum frequency range values are easily calculated by Eqs. (15) and (16) .
Thereafter, the maximum frequency range (ξ max ) is equal to 1000 Hz and the minimum frequency (ξ min ) = 10-3 Hz. Finally, the ratio of geometric R eas is calculated using Eq. present comparisons between experimental and simulation results for the diffusive thermal model. The results suggest a satisfactory level of accuracy of the developed thermal model.
To validate the diffusive thermal model for different load levels, we performed a test where the motor is fed by the same inverter with variable mechanical load cycles. Figures 16-18 present the simulation of the diffusive thermal model and experimental results for half rated load and for rated load operation. As seen in the figures, the simulation results are in good agreement with the measurement results. Moreover, it can be seen that there is more pronounced variation in temperatures in the end winding and the winding slot than in the stator iron.
In addition, MATLAB/Simulink is used to validate the high frequency modeling of the stator winding developed in Section 3. Figures 19 and 20 , present the simulated and measured voltages between the phase 1 and the neutral and across coils A, B, C, and D. Two interesting observations were made during the propagation of the voltage front across the stator winding; the collapse of the applied voltage front and the propagation delay. This is the eddy current induced in the magnetic circuit which is responsible for the collapse of the front. However, the delay is attributed to the time it takes the front through the coil, which depends on the geometric and physical characteristics of the winding. The voltage at the coil terminals depends on the front of voltage and the propagation delay. Beyond the transient regime, the propagation of the voltage is uniform.
Preventive reactivity and surveillance system
Whether preventive conditional maintenance entails use of tools to facilitate the detection of a failure before it occurs. In some cases, undetected real-time degradation can be catastrophic. The exploitation of previously developed models can be a basis for real-time surveillance of the insulation quality. The supervisory system is based on detecting overvoltage at the terminals of the first coil of each phase. This overvoltage is sensitive to variations in capacitive coupling interturns or interlayers which are the consequences of damage to the dielectric properties of the insulation system. We are considering implementing a diagnostic method presented in Figure   21 . In fact, the absence of a signature is based on calculating an error ϵ(t) between the temporal evolution of the voltage estimated by the mathematical model and the temporal evolution of the voltage measured by a highband width voltage sensor connected across the first coil. Mathematically, two methods are used to estimate the temporal evolution of the voltage and current at any point in the coil. The first methods consist of applying the inverse Fourier transformation to the transfer function winding and subsequently applying the convolution product with the PWM input signal type. The second approach is to obtain a state model using the Diffusive Representation. The state variables analysis facilitates identifying the elements responsible for the observed overvoltage and studying their sensitivity to various parameters. The winding monitoring strategy is based on analysis of various criteria relating to the estimation error, integral of square error criterion, integral of absolute value of the error criterion, and integral of the time-weighted absolute error criterion. Other criteria could be considered as the voltage rise time and the analysis of the spreading of the wave of the voltage over time. The content and location of the degradation will be determined by assessing the relative importance of all the criteria mentioned above and then adopting a multicriteria analysis approach type analytic, hierarchical process. The responsiveness of our monitoring system entails treating the risk of failure among the turns. This risk is greater for pulses having a very high front dV/dt. To increase the reliability of the machine, developing a modulation technique to reduce overvoltage is considered. Moreover, we can consider implementing a commutation save circuit 'CALC' self-adaptive connected across each power switch to limit the increase of the forward voltage in the off state of the semiconductor. The parameters of the CALC are "self-adaptive" with the content of the degradation of the insulation system. 
Conclusion
The goal of the study presented in this paper is to implement a general yet simple methodology to develop both transient thermal and electrical models for permanent magnet synchronous motor, regardless of its geometric complexity and nature of material. Our proposed technique utilizes the compatibility in multiphysics simulators associated with input/output characteristics. We have also proposed the coupled diffusive for thermal and overvoltage distributions when the motor is fed by an inverter. The coupling of a thermal model with an electrical model supports consideration of interactions between electrical and thermal properties as well as modeling of the machine when subjected to variable load torque and when fed by an inverter. Thus, it is possible to provide for the possible derating of the machine and the dimensioning of the converter from the voltages and the current required for supplying the machine.
